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1. Introduction 
1.1 Executive summary 

Lack of sufficient data on high temperature mechanical and corrosion behavior of 
structural materials is a huge barrier in the technological maturity of current and future 
Concentrating Solar Power (CSP) technologies. Rapid development and selection of materials 
cannot be achieved by expensive and time-consuming acquisition of experimental data. The goal 
of the proposed work is development of an open-source alloy selection and lifetime prediction tool 
that will integrate validated physics-based models to describe influence of temperature, alloy 
composition, environment and component geometry (thickness) on mechanical and corrosion 
behavior of Ni and Fe-based alloys employed in molten salts/sCO2 heat exchangers.  

This one-year project leveraged the extensive dataset on the creep\corrosion behavior of 
candidate materials generated at ORNL through past projects and input from current 
collaborations with industrial partners. Based on previous experience and the feedback provided 
by industry (Brayton Energy and Echogen), three candidate materials of interest, Ni-based alloys 
740H, 282 and 625 and application-specific operating conditions (max. temperature of 730 °C 
and stress of 150 MPa) were identified for the heat exchanger.  An extensive corrosion and creep 
dataset was assimilated for the relevant operating conditions and was supported by detailed 
characterization of about 100 metallographic cross-sections. The corrosion dataset consisted of 
scanning electron microscopy images (secondary electron and backscatter electron), measured 
concentration profiles of alloying elements using energy dispersive X-ray spectroscopy (EDS), 
widths of denuded zones (dissolution of strengthening phases) and depths of attack in molten 
KCl-MgCl2 mixtures using image analyses. The creep dataset comprised of creep rupture data 
and creep strain curves (for 740H and 282).  

Coupled thermodynamic-kinetic microstructure-based models were employed to predict 
the stress-corrosion induced compositional and phase evolutions in the alloy during operation 
under the identified operating conditions. Reduced order models were developed from advanced 
physics-based models and were integrated in a user-friendly alloy selection tool. The corrosion 
model was able to predict the time to a critical Cr concentration at the oxide/alloy interface 
(chemical lifetime) within ±10% (1 standard deviation) of typical statistical variation in corrosion 
tests and EDS measurement errors (±0.5 wt%). The initial scope of the project was limited to 
predict creep rupture times (Larson-Miller parameter). Based on the input provided by industry, 
the mechanical lifetime of the heat exchanger is governed by accumulated creep strains (2%) 
rather than creep rupture. To be able to predict the times to specific creep strains, a more 
extensive creep model development was undertaken largely beyond the initial scope of the 
project. The continuum damage mechanics creep model was able to predict times to 2% creep 
strain, t2% with an accuracy of ±500h.  

Ultimately, a screening protocol for SiC was generated to demonstrate the pathway for 
integration of one of the currently immature materials from a commercial adoption standpoint in 
the current material evaluation tool. The modeling tool developed here is accessible to the science 
community and stakeholders and lays the foundation for methods that will enable a rapid 
evaluation of optimum materials for CSP applications and reliable prediction of material 
degradation thereby considerably reducing operational costs, improving reliability and increasing 
overhaul intervals. However, the complete potential of such a tool to include a wider range of 
materials and test conditions can only be realized with a more concentrated combined 
experimental-characterization-computation effort. 

1.2 Background 

Integrating a supercritical CO2 power cycle with concentrating solar power employing 
thermal energy storage with chloride salts is considered a key driver in achieving the efficiency 
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goal of 50% by operating at temperatures over 700°C to achieve the future levelized cost of 
electricity (LCOE) SunShot 2030 targets [1, 2]. However, these technologies all face a critical 
limitation, namely the lack of advanced materials that can mitigate degradation due to supercritical 
CO2 and molten salts and ensure safe, successful operation of structural components at 
temperatures over 700°C [3, 4]. Material selection for CSP technologies based on experiments 
has to replicate the dynamic operating conditions of thermal cycling under harsh environments 
and testing for expected lifetimes of about 100kh can only be achieved through an extensive and 
costly research effort. Models can accelerate alloy development by aiding in material evaluation 
but need to integrate the extremely complex physics of the processes (environment-alloy 
interactions, transport mechanisms through the surface corrosion layers) to allow a reliable 
prediction of key design parameters such as corrosion rates and deterioration of mechanical 
properties. 

Existing efforts to predict degradation of candidate structural materials for CSP systems 
[1-4] have considered the effects of individual damage mechanisms such as creep, fatigue and 
corrosion. Barua et al. [1] developed a thermomechanical model for a Gen3 CSP solar receiver 
to evaluate the applicability of different creep-fatigue and ratcheting design methods identified in 
Section III, Division 5 of the ASME Boiler and Pressure Vessel Code for CSP systems. Three 
distinct failure modes induced by corrosion in sCO2 were presented by Kung et al. [2] for heat 
exchangers: (i) reduction in area of flow channels, (ii) exhaustion of Cr reservoir in the heat 
exchanger wall and (iii) blockage of flow channels due to exfoliated scales. Based on these failure 
criteria, a combination of analytical and high fidelity physics-based modeling was employed in [4] 
to predict the corrosion-induced lifetime of alloys 740H, 282 and 625.  

A few studies have dealt with models to predict corrosion rates of Ni-based alloys during 
exposure in molten halide salts [5-10]. Models presented in [5-9] are useful tools to predict surface 
corrosion rates but they do not consider corrosion-driven chemical interactions between alloying 
elements and transport processes in the alloy. Pillai et al. [10] addressed this shortcoming by 
employing a coupled thermokinetic model and emphasized the importance of examining alloy 
chemistry and chemical interactions between alloying elements in more detail. 

The current project aimed to address two key gaps in the development of design tools for 
lifetime assessment of structural materials for CSP systems: 

• lack of models that consider influence of corrosion on mechanical properties of 
candidate materials 

• lack of design procedures incorporating high-fidelity physics-based models while 
still simplifying usage and accessibility to non-domain experts 

1.3 Major goals and objectives  

The goal of the proposed work is developing the first version of  an open-source alloy 
selection and lifetime prediction tool that will integrate validated physics-based models to describe 
the influence of time, temperature, alloy composition, alloy microstructure, environment and 
component geometry (thickness) on the mechanical and corrosion behavior of Fe- and Ni-based 
candidate materials for a molten salt\sCO2 heat exchanger. Furthermore, the work will generate 
a pathway for screening currently immature materials with the developed tool. 

Within the project, tasks were planned and completed with the ultimate goal of achieving 
the following project milestones: 

 
1. Dataset for three materials for conditions (three temperatures and stresses) specific to the 

chosen application and in accordance with physics of material degradation were compiled 
based on industry feedback 

2. Initial version of the model was developed and its functionality was verified by performing 
test calculations for 1 material at one operating condition to show time evolution of Cr 
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concentration in the alloys undergoing corrosion with ± 10% accuracy within scatter of 
experimental data. 

3. Validation of modeling results by comparing calculated element concentrations and phase 
fractions with measured concentrations and phase distributions. 

4. Generate a review document including information on differences in failure mechanisms 
and identifying gaps in required experimental data for one chosen material (currently 
immature). 

5. A user-tested tool will be uploaded with an e-link to an open source platform (e.g., 
GITHUB) 

6. A final technical report verified and revised by SETO technology manager will be 
submitted to osti.gov with an identifiable e-link number 
 

The corresponding tasks were as follows: 
• Task 1: Determine framework for model development 

o Subtask 1.1 Identifying materials based on chosen application 
o Subtask 1.2 Acquire feedback from the industry to review identified application-

specific conditions 
o Subtask 1.3 Compile dataset for 3 identified materials at 3 temperatures 

• Task 2: Model development 
o Subtask 2.1: Integrate models to describe physics for degradation of identified 

materials 
o Subtask 2.2: Perform test calculations to verify functionality of the model 

• Task 3: Computational validation 
o Subtask 3.1: Compare calculated and measured Cr concentration at oxide/alloy 

interface 
o Subtask 3.2: Identify correlation between phase fractions of strengthening phases 

and LMP 
• Task 4: Generate screening protocol for currently immature materials 

o Subtask 4.1: Review existing literature data for one chosen sample material (SiC) 
o Subtask 4.2: Identify key degradation mechanisms of chosen material 
o Subtask 4.3: Obtain information on required model parameters to describe 

degradation and predict lifetime of chosen material 
• Task 5: Provide accessibility to modeling tool 

o Subtask 5.1: Provide developed tool for testing to user (ORNL) 
o Subtask 5.2: Upload developed tool to GITHUB 
o Subtask 5.3: Complete final report 

2. Project results and discussion Task 1:Determine framework for model development 

2.1.1.1 Subtask 1.1: Identifying materials based on chosen application 

The first objective of this project was to identify the materials relevant for the chosen 
application of a molten salt/sCO2 heat exchanger. Industry experts (Brayton Energy) were 
contacted to assist in downselecting three most relevant materials for the heat exchanger 
designed to operate at temperatures > 550 °C. Ni-based alloys Special Metals 740H and Haynes 
282 are preferred materials for elevated temperatures (> 700 °C) specifically for tube heat 
exchangers. The use of these materials in the plate-fin type of heat exchanger presents certain 
manufacturing challenges but lifetime assessment of these materials in the plate-fin configuration 
is extremely relevant from an application perspective. Haynes 230 is an established and 
recognized ASME material for high temperature service. Special Metals alloy 625 is frequently 
used in prototyping efforts mainly due to its wider availability alloys in different geometries 
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compared to other Ni-based alloys. However, high temperature performance has been observed 
to vary between different material grades (asterisk in Pressure Vessel Code). 

Based on the discussions with the industry experts and the availability of relevant creep 
and corrosion data (in sCO2) at ORNL, 740H, 282 and 625 were selected as three materials to 
be included in the development of the material selection and lifetime assessment tool. The 
measured chemical composition of these alloys is given in Table 1. These three materials were 
also identified as key candidate materials for CSP components under the previously conducted 
project at ORNL (DE-EE0001556). Furthermore, evaluation of the application geometry (sheet 
form) on the high temperature performance of 740H and 282 is currently being evaluated in an 
ongoing project with Brayton Energy (DE EE0008994).  

 
Table 1: Measured chemical composition of the alloys. 

Alloy Fe Ni Cr Al Co Mo Nb Ti Mn Si C 

Haynes 282 0.2 57.1 19.6 1.6 10.6 8.6 <0.01 2.2 0.02 0.04 0.059 
Inconel 740H 0.1 49.7 24.5 1.4 20.6 0.3 1.5 1.4 0.3 0.2 0.027 

625 4.0 61.0 21.7 0.12 0.1 8.8 3.5 0.2 0.2 0.2 0.016 

2.1.1.2 Subtask 1.2: Acquire feedback from the industry to review identified application-
specific conditions 

Brayton Energy and Echogen were contacted to provide feedback on the materials 
identified for the heat exchanger (Subtask 1.1) and review relevant operating conditions. 
Furthermore, guidance was requested in specifying the failure criteria for this application to 
incorporate in the lifetime assessment of the chosen materials. Based on the discussions with 
Brayton Energy, maximum operating temperatures and allowable stresses for candidate materials 
employed in heat exchangers and solar receivers with sCO2 as the operating fluid are specified 
in Table 2. Accumulated creep strain was identified as the primary degradation mechanism and 
standard practice typically requires creep strains to be less than 2%.  

Echogen agreed with the three chosen materials for the chosen temperature range of 700-
800°C. The inclusion of alloy 617 was suggested since the alloy is code-case accepted for 
diffusion bonded heat exchangers. Additional feedback was provided regarding the potential 
failure mechanisms for sCO2 heat exchangers as follows: 

 
• Corrosion-induced material loss 
• Creep 
• Plugging of passages either due to corrosion products from upstream locations or 

oxide growth in the passages 
• Stress concentrations at plate-bonding boundaries 

 
A widely accepted failure criteria for corrosion induced degradation of heat exchanger 

components could not be ascertained [11, 12].  Within the framework of a previously conducted 
project at ORNL (DE-EE0001556), various potential corrosion-induced degradation mechanisms 
were addressed. The critical depletion of Cr in the alloys 740H, 282 and 625 during exposure in 
high pressure sCO2 (300 bar sCO2) between 700-800 °C was employed as corrosion-induced 
lifetime criteria. Beyond the accepted critical Cr depletion of 10 wt.% [13, 14] at the interface 
between the external Cr2O3 scale and the Ni-based alloy, formation of other faster-growing and 
non-protective oxides such as Ni-, Fe- and Ti-rich oxides is expected. Additionally, the loss of 
sound metal due to corrosion will be critical for thin components since the metal loss can be 
comparable to the initial component thickness. The calculated metal loss rates from measured 
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oxidation rates of 740H, 282 and 625 alloy specimens amounted to about 2-5 µm at 750 °C to 
about 10-15 µm at 800 °C after exposure for 10,000h. This might be especially critical for 
component thicknesses of the order of a few hundred microns expected to demonstrate 
operational lifetimes of 100,000h. Furthermore, the growth of oxide scales in small flow channels 
of sCO2 heat exchangers would result in a reduction of the flow areas of the channels which would 
consequently lead to pressure drops across the channel. Typically, a 2-5% reduction in flow area 
(RFA) is considered acceptable [12].  
 
Table 2: Application specific candidate materials, operating conditions, and corresponding failure 
mechanisms 

Application Application 
geometry Fluid 

Component 
thickness 

(mils) 

Max. 
operating 

temperature 
(°C) 

Max. 
allowable 

stress 
(MPa) 

Materials Degradation 
mechanisms 

Failure 
criteria 

Heat 
exchanger Plate-fin sCO2 8 730 60 H230 Accumulated 

Creep-Strain Creep 

Heat 
Exchanger Plate-fin sCO2 4-20 730 150 IN740/H282 Accumulated 

Creep-Strain Creep 

Solar 
Receiver Plate-fin sCO2 4-20 770 65 IN740/H282 Accumulated 

Creep-Strain Creep 

Solar 
Receiver Tube sCO2 80 770 65 IN740/H282 Accumulated 

Creep-Strain Creep 

2.1.1.3 Subtask 1.3: Compile dataset for 3 identified materials at 3 temperatures  

Based on the feedback provided by Brayton Energy on the choice of candidate materials, 
operating conditions and failure mechanisms for the selected heat exchanger application and 
deriving from the experimental data generated at ORNL for corrosion behavior of these materials 
in sCO2 relevant corrosion and creep data were assimilated. Additionally, existing literature data 
for the three identified materials in molten chloride salts was compiled. A summary of the type 
and source of data are in Table 3 and Table 4. 
 
Table 3: Type and sources of assimilated corrosion dataset for 740H. 282 and 625. 

Data type Alloy Source Conditions 

Parabolic rate constant 
for Cr2O3 formation 

740H 
ORNL [3] 
EPRI [2] 

KAIST, OSU, UW [15] 

 650, 700, 750, 800 °C 
 Times up to 15,000h 

282 
ORNL [3] 
EPRI [2] 

NETL [16] 

625 

ORNL [3] 
EPRI [2] 

NETL [16] 
KAIST, OSU, UW [15] 

Cr concentration profiles 

740H, 282, 625 ORNL [3] 

 30 metallographic cross-
sections 

 21 time-temperature 
combinations (7 per alloy) 

Widths of denuded zones of 
strengthening phases  

Depth of attack in chloride 
salts 

C276, 600, 230, 
740H ORNL [17] 

 7 metallographic cross-
sections 

 4 time-temperature 
combinations (1 per alloy) 
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Essential corrosion data for model development and validation should include measured 
concentration profiles after exposures at the temperatures of interest 
(700-800°C) for different times. For exposures in sCO2, depletion of the alloying element forming 
the protective oxide can be correlated to the temporal evolution of specific mass change 
measurements for the three alloys (740H, 282 and 625), since these alloys have been reported 
to form compact and protective Cr-rich Cr2O3 scales up to 800°C [2, 4, 18-25]. However, for 
exposures in molten chloride salts, a combination of the extremely low fraction of species reacting 
in the boundary regions (a few microns) between phases or molecular regions and non-
equilibrium reaction kinetics provide challenges in identifying corrosion products. Furthermore, 
mass change data is not representative of the compositional changes in the alloy since the 
corrosion behavior is strongly dependent on the salt chemistry (different purification procedures), 
use of different container materials (dissimilar capsule/test material combinations) and employing 
distinct test procedures (capsule/loop tests). The existing corrosion data in the literature for 740H, 
282 and 625 in sCO2 and molten chloride salts between 700-800°C was assimilated and the 
specifics will be discussed in the following sections. 

 
Table 4: Type and sources of assimilated creep dataset for 740H. 282 and 625. 

Data type Alloy Source Number of datasets 

Larson Miller 
Parameter 

740H, 282 ORNL,EPRI [26, 27] 134 stress-temperature combinations 

625 ANL [28] 15 stress-temperature combinations 

Creep strain curves 740H ORNL [29] 111 creep curves 
282 ORNL [30] 60 creep curves 

Widths of denuded zones 740H, 282 ORNL 45 metallographic cross-sections 
 

Corrosion Data in sCO2 
 

Multiple data sources were reviewed to assimilate the temperature dependence of the 
oxidation kinetics in sCO2 [2, 3, 24]. The most comprehensive and long-term data (up to 10,000h) 
in sCO2 was generated at ORNL for the oxidation behavior of the three alloys 740H, 282 and 625 
[2-4]. An example of the recorded mass change data at 750 ℃ in atmospheric (1 bar) and high 
pressure (300 bar) sCO2 up to 10,000h is shown in Figure 1.  

 

 
Figure 1: Measured mass change for 740H, 282 and 625 during exposures in 1 bar and 300 bar sCO2 at 
750 °C [3]. 
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Tucker et al. [15] summarized various data sources and reported mass change behavior 
of 625 and 740H in 200 bar sCO2 and this is summarized in Figure 2. Holcomb et al. [24] 
conducted tests in sCO2 at 730 ℃ and 207 bar and compared measured oxidation kinetics with 
values in the literature. Multiple reports and studies in the literature have shown that these alloys 
formed a protective external Cr2O3 layer during high temperature exposures in sCO2. Figure 3 
shows the micrographs of the cross-sections of the three alloys at 700, 750 and 800 ℃ after 
exposure for 5000h in high pressure (300 bar) sCO2. An external Cr2O3 layer was observed on 
all three alloys with internal oxidation of Al and Ti in 740H and 282. 
 

 
(a) 

 
(b) 

Figure 2: Measured mass change for (a) 740H and (b) 625 during exposures in 200 bar sCO2 at 700 °C [15]. 
 

 
Figure 3: Light optical metallographic images of the cross-sections of 740H, 282 and 625 after exposures 
for 5000h at 750 °C. 

 
The temperature range of the experiments conducted in the literature includes the 

maximum operating temperature of the chosen application as given in Table 2. Oxidation rates kp 
of these alloys was calculated from recorded mass change data shown in Figure 1 [4] by fitting to 
a parabolic oxidation growth law, typically employed for growth of Cr2O3 oxide scales. Based on 
the gathered data, the corresponding metal loss rates kc can then be calculated from these 
oxidation rates by using the alloy density and molar masses of oxygen and chromium. The 
Arrhenius plot of these calculated metal loss rates is given in Figure 4. Since pressure has been 
shown to have a negligible effect on the scaling kinetics of Ni-based alloys [4, 19, 24], test data 
gathered under different pressure conditions can be included to increase the statistical 
significance of experimental data. The data was used to estimate the loss of Cr in the alloy and 
the loss of sound metal (component thickness).  
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740H 282 625

Cr2O3 Cr2O3 Cr2O3

Internal Al and Ti-oxides
Internal Al and Ti-oxides



 

13 
 

It can be inferred from these studies and existing literature for Ni-based alloys that an 
oxidation induced critical depletion of Cr in these alloys at the oxide-alloy interface will lead to 
non-protective oxidation behavior and faster scaling rates and metal loss. It was hence 
additionally concluded that gathering data on the compositional changes of Cr in these alloys as 
a function of time and temperature is essential for assessing the corrosion induced lifetime of the 
aforementioned alloys during high temperature exposures in sCO2. Access to specimens of 740H, 
282 and 625 exposed in sCO2 at ORNL enabled acquisition of EDS elemental concentration 
profiles.  

 

 
Figure 4: Arrhenius plot of the calculated parabolic metal loss rates from measured oxidation rates based 
on data in [3, 15, 24]. Solid symbols correspond to ORNL data while open symbols are data from 
literature. 
 

 
(a) 

 
(b) 

Figure 5: (a) Measured (EDS) Cr concentration profile in 740H, 282 and 625 after exposure for (a) 2,000h 
(500h cycles) at 750°C and (b) 1,000h (500h cycles) at 800°C in 300 bar sCO2. 
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(a) 

 
(b) 

 
(c) 

Figure 6: Time evolution of measured (EDS) Cr concentration profile in (a) 740H, (b) 282 and (c) 625 
after exposure for 1,000h, 2000h and 10,000h (500h cycles) at 750°C in 300 bar sCO2 . 
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and 625 after exposure for 2,000h (500h cycles) at 750°C in 300 bar sCO2 is shown in Figure 5a. 
Figure 6 shows the time evolution of measured Cr concentration profile in 740H, 282 and 625 
after exposure for 1,000h, 5,000h and 10,000h (500h cycles) at 750 °C in 300 bar sCO2. Sparse 
measurements of Cr concentrations in the alloy are available in Wright et al. (740H: 700 °C, 300h 
in commercial grade CO2 at 200 bar) and Tucker et al. (625 and 740H: 700 °C, 1500h in CO2 at 
200 bar). 
 
Corrosion Data in molten chloride salts 
  

An extensive literature review was conducted to collect corrosion data for 740H, 282 and 
625 in molten chloride salts relevant to CSP applications such as KCl, MgCl2 and NaCl between 
700-800 °C. Although there have been studies reporting corrosion behavior of Ni-based alloys in 
molten chloride salts [31-35], to the best of our knowledge, there is almost no relevant corrosion 
data, in terms of measured concentration profiles and depths of attack for exposure of the 
aforementioned alloys in molten chloride salts. Furthermore, the lack of a standard procedure for 
testing corrosion in molten salts results in non-representative mass change measurements which 
complicates quantifying extent of corrosion damage. The main variables resulting in discrepancies 
of reported corrosion rates are a lack of consistency in salt chemistry (different purification 
procedures), use of different container materials (dissimilar capsule/test material combinations) 
and employing distinct test procedures (capsule/loop tests). 

 

 
(a) 

 
(b) 

Figure 7: Measured (EDS) Cr concentration profile in (a) alloys 600 and C276 after exposure for 1000h 
in purified KCl-MgCl2 740H, 282 and 625 after exposure for (a) 2,000h (500h cycles) at 750°C and (b) 
1,000h (500h cycles) at 800°C in 300 bar sCO2 . 

 
Sun et al. [35] evaluated the corrosion behavior of seven Ni-based alloys in the ternary 

NaCl-KCl-MgCl2 under N2 atmosphere at 700 °C for 100h. Depths of attack (Cr depletion) were 
reported but no concentration profiles were provided. The salt was however only oven-dried and 
residual moisture was suggested to have been the main cause of observed corrosion, although 
no clear evidence was given for this reasoning.  Singh at al.  placed alloy 625 specimens in 
graphite foam infiltrated with MgCl2 up to 1000h at 750°C. The set up was hermetically sealed in 
Incoloy 800H cylinders. The depth of attack and Cr depletion was measured after time intervals 
of 100, 200, 500 and 1000h. Although this limited data  (e.g., one temperature) can be employed 
to validate the model, the alloys were exposed in graphite foams and the known reactivity of Cr 
with C can lead to different results compared to exposures of Ni-based alloys in purified molten 
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chloride salts [10, 36]. There is limited corrosion data generated at ORNL for 740H exposed in 
purified KCl-MgCl2. Given the lack of data for the corrosion behavior of 740H, 282 and 625, it was 
proposed to assimilate existing corrosion data for Ni-based alloys at temperatures of interest (700-
800 °C) in purified KCl-MgCl2. For this purpose, additional data from previously conducted tests 
in purified KCl-MgCl2 for alloys 230, 600 and C276 generated under the award number CPS 33873 
“Progression to Compatibility Evaluations in Flowing Molten Salts” was employed for validation of 
the model predictions. Figure 13a and b show an example for this type of data. 
 
Creep Data 
 

Initially, the project focus was on demonstrating the correlation between 
Larson-Miller Parameter (LMP)  and the strengthening phases in the alloys. However, based on 
the input provided by the industry, accumulated creep strains had been identified as a primary 
mode of failure for the heat exchanger components. An augmented effort was undertaken beyond 
the technical work plan to describe the complete creep behavior of the alloys to enable predictions 
of time to specific creep strains. All available Larson-Miller Parameter (LMP) data for 740H, 282 
and 625 to include the relevant operating conditions (Table 2) was assimilated. Additionally, all 
available creep data (creep strain curves) on the three alloys was gathered and corresponding 
metadata such as aging conditions and material geometry were recorded. For alloy 625, only 
creep rupture data was available. 

 

 
Figure 8: LMP plot for 740H plate and tube specimens (aged for 16h at 800 °C in air) [37], 282 specimens 
(plate material) after aging for 4h at 800 °C in vacuum [30] and 625 sheet specimens (sheet material) in 
cold-rolled and annealed (1052 °C) condition for the Special Metals data, in as-received condition from 
ATI Allegheny Ludlum for ORNL data [38] and in solution annealed (1100°C) condition for the ANL data 
[39]. 

A significant amount of creep rupture data for 740H has been generated within the 
framework of the A-USC materials development program between 700-850°C at stresses ranging 
from 50-500 MPa [27, 40, 41]. An example of the LMP data for plate and tube specimens aged 
for 16h at 800°C in air is given in Figure 8. It is worth mentioning here that Render et al. [42] has 
evaluated the applicability of LMP and Wilshire approaches to predict the rupture times for the 
existing creep data for 740H from short-term data (< 5000h). Acceptable agreement has been 
reported using the Wilshire approach which provides the current project with a model to estimate 
the rupture times as a function of stress and temperature without the need to extract it from 
experimental data. 

Pint et al. performed creep testing of 282 plate material at ORNL between 
593-927 °C at stresses ranging from 20-800 MPa with the goal of qualifying and deploying the 
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alloy in advanced ultra-supercritical coal-fired boilers [30]. This data was provided for developing 
the intended model in the current project.  

Existing creep data for 625 sheet specimens generated at ORNL [38] and at ANL [39] was 
assimilated and the corresponding LMP plot for the data is shown in Figure 8. Additionally, data 
from the alloy manufacturer Special Metals was also included resulting in a dataset encompassing 
temperatures between 593-1000°C and stresses from 30-600 MPa. There is generally a good 
agreement between all data sources. The LMP plot for 740H, 282 and 625 is given in Figure 8. 
Figure 9 shows a few examples from the assimilated creep curves for 740H and 282. 

 

 
(a) 

 
(b) 

Figure 9: Measured creep strains for (a) 740H at 800 °C and (b) 282 at 760 °C. 
 
Microstructural characterization of the failed specimens after creep testing provided partial 

evidence to the failure mechanism. Figure 10 shows the light microscopy images along the edge 
of the gauge section after the creep rupture of 282 specimens at 816°C and three different rupture 
times. It can be inferred from the images that crack propagation is mainly observed in the γ'-
depleted zone. The outer oxide was identified to be mainly Cr-rich (Cr2O3) with interspersed Ti-
rich oxides. Internal oxidation of Al was additionally observed. Significant formation of the η-phase 
(Ni3Ti), seen as platelets in the γ'-depleted zone, was identified. 

 

 
Figure 10: Light microscopy images showing microstructure along edge of the gauge section after the 
creep rupture of base metal 282 specimens at 816°C (a) 102 MPa for 7911.7 h, (b) 101 MPa for 14182 
h and (c) 100 MPa for 16914 h [30]. 
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In addition to the thermal aging processes, compositional changes occurring in the alloy 
subsurface during high temperature exposures in sCO2 can also drive dissolution of strengthening 
phases. This is shown for 282 and 740H in Figure 11. The denuded zone in the alloy subsurface 
is evident with complete depletion of γ'-phase. The existing evidence supports the hypothesis that 
γ'-depletion in the alloy subsurface, especially at the grain boundaries, driven by the oxidation 
induced loss of Cr (external scale) and Al (internal oxidation) is most likely one of the creep failure 
mechanisms in addition to the expected coarsening of the γ'-phase. Supporting evidence for this 
hypothesis was given by Shingledecker et al. [40] for the creep rupture behavior of 740H. The 
authors concluded based on microstructural evidence that the creep rupture strength and ductility 
of 740H was most likely governed by the formation of γ'-denuded regions along the grain 
boundaries. Whether the formation of the η-phase (Ni3Ti) and the accompanying depletion of Ti 
further destabilizes the matrix needs to be ascertained. 

With this knowledge, the depth of γ'-depletion in the precipitation strengthened 740H and 
282 alloys was measured with the help of micrographs (light optical microscopy and electron 
microscopy) from the specimens exposed at ORNL in sCO2 [3, 4]. As an example, Figure 12a 
shows the temporal evolution of the square root of the depth of γ'-depletion measured in the 740H 
and 282 specimens after exposure in 300 bar sCO2. A linear correlation shows that the growth of 
the γ'-depletion zone, d follows the parabolic growth law d=(g*t)1/2, where g is a rate constant and 
t is time, suggesting diffusion-controlled growth.  The rate constant g was estimated for 740H and 
282 at 700, 750 and 800 °C and a corresponding temperature dependence (Arrhenius law) was 
derived, as shown in Figure 12b. 

 

 
Figure 11: Corrosion induced degradation of the strengthening γ'-phase in 282 after 11,000h at 760 °C 
and 201 MPa. 

 
625 is a solid solution strengthened material through additions of Mo and Nb but Cr-rich 

carbides and intermetallic phases such as γ'' and δ are known to precipitate during high 
temperature exposures and aid in increasing the creep rupture ductility [43, 44]. The δ-phase is 
the most thermodynamically stable phase in 625 up to 900°C along with Cr- and Mo-rich carbides 
that are stable well beyond 1000°C. Both the δ-phase and carbides are known to dissolve in the 
alloy subsurface during high temperature exposures in sCO2 and these are relevant 
microstructural changes to consider as influencing parameters in the creep behavior of 625. The 
measured temporal evolution of the depth of δ-phase dissolution at 700, 750 and 800 °C after 
exposure in sCO2 after different time intervals was included in the dataset. 

Cr2O3

Al2O3 γ'-depletion zone

γ−γ'

20 µm
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(a) 

 
(b) 

Figure 12: (a) Time dependence of γ'-depletion and (b) temperature dependence of rate constant for γ'-
depletion in 740H and 282 at 750C in 300 bar sCO2. 

 
Milestone 1.1.1: Establish basis for model development by defining application and 
application-specific operating conditions  
 
 The corrosion and creep data for 740H, 282 and 625 discussed was organized in a master 
spreadsheet to enable easy access for the model development and validation. is thereby 
achieved. The assimilated database represents the operating conditions of the heat exchanger 
as tabulated in Table 2. 

2.1.2 Task 2: Model development  

2.1.2.1 Subtask 2.1: Integrate models to describe physics for degradation of identified 
materials 

Corrosion modeling in sCO2 

 
A protective chromia scale has been shown to form on the candidate alloys up to 15,000h 

at 750℃ [4]. However, it has been shown previously that a protective external chromia formation 
can most likely not be sustained below a critical value of Cr concentration at the scale\alloy (O\M) 
interface. The critical value was given to be 10 wt.% [13, 45] for chromia-forming Ni-based alloys. 
The concentration of Cr at the scale\alloy interface is governed by its consumption due to 
oxidation (oxidation kinetics) and its rate of transport from the alloy to the O\M interface (diffusion 
coefficient). For the case of parabolic oxidation kinetics, the Cr concentration at the interface is 
dependent on the initial Cr concentration and the ratio between the oxidation constant kp and the 
diffusion coefficient of Cr DCr in the alloy. In other words, if the oxide scale is not damaged due to 
spallation or depleted due to moisture induced evaporation of chromia, the interface Cr 
concentration remains constant [46]. This is supported by the experimental evidence in Figure 
13, where the Cr cocentration at the oxide-alloy interface is ~14 wt.% in 740H and 625 while it is 
just below 10 wt.% in 282 after exposure for 10,000h (500h cycles) at 750°C in 300 bar sCO2. 
Figure 14 shows the BSE images of the corresponding cross-sections. A predominantly Cr-rich 
oxide scale (Cr2O3) was observed on all three alloys. The presence of Ti in 740H and 282 results 
in formation of Ti-rich oxides in the external scale, either as clusters or as a layer at the gas/oxide 
interface. This was observed for both 740H and 282. Ti has been reported to accelerate the 
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oxidation kinetics of chromia-forming alloys and a critical depletion of Cr in the alloy will tend to 
result in the formation of more non-protective oxides (e.g., Ni, Co). The higher Ti content in 282 
is most likely the reason for the deeper depletion of Cr driven by the low Cr concentration at the 
oxide/alloy interface. Consequently, the time to  a critical Cr concentration has been implemented 
as a lifetime criteria. 

. 
Corrosion modeling in molten salts 
 

Corrosion induced degradation in purified (negligible O2 and H2O contents) molten salts is 
distinct from the exposures in sCO2 since formation of an external Cr2O3 scale is not observed 
under these conditions. A number of molten salt corrosion mechanisms can be relevant during 
exposure of Fe and Ni-based alloys in molten halide salts [10].  

 

 
Figure 13: Measured (EDS) Cr concentration profile in 282 and (b) 625 after exposure for 1,000h, 5,000h 
and 10,000h (500h cycles) at 750°C in 300 bar sCO2. 

 

 
Figure 14: BSE images of the cross-sections of (a) 740H, (b) 282 and (c) 625 after exposure for 10,000h 
(500h cycles) at 750°C in 300 bar sCO2. 

 
Intrinsic corrosion driven by the difference in free energy of formation between the salt 

constituents and the most susceptible transition metal corrosion product is the most obvious 
mechanism. As is well known and often shown in the literature, halides of common alloying 
elements (Fe, Ni and Cr) are less stable (less negative free energy of formation) than the halides 
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that make up typical salt melts (KCl, MgCl2) [47]. Figure 15 shows the BSE image of the cross-
section of alloy 230 after exposure for 92h at 800 °C BSE image of the cross-section of alloy 230 
after exposure for 92h at 800 °C in Ni capsule in a Ni capsule. The measured Cr concentration 
profile is superimposed on the image to show the depletion of Cr in the corrosion-affected zone 
driven by its dissolution in the molten chloride salt. These compositional changes in the alloy 
subsurface can further drive dissolution of strengthening phases such as carbides as is evident 
in the case of alloy 230 (Figure 15). The width of such precipitate free zones usually corresponds 
to the depth of the corrosion-affected zone [48, 49]. From a lifetime standpoint, predicting the 
depth of this corrosion-affected zone is relevant. 

 

 
 

Figure 15: BSE image of the cross-section of alloy 230 after exposure for 92h at 800 °C in purified 
commercial chloride salt [50] in a Ni capsule. The measured (EDS) Cr concentration profile is 
superimposed on the image. 

 
Modeling approach 
 

A two-pronged modeling approach was chosen to describe the corrosion induced 
compositional changes in the three alloys and predict corrosion-induced lifetimes. A previously 
developed physics-based coupled thermodynamic-kinetic model [51] modeling approach was 
employed to calculate the oxidation induced Cr depletion in the alloys during exposure in sCO2 
and molten salt induced Cr dissolution during exposure in molten chloride salts. The procedure 
has been successfully employed to accurately predict the Cr depletion in 625 during exposure in 
sCO2 [4] and depths of attack in binary NiCr and commercial Ni-based alloys IN600 and C276 
during exposure in purified molten chloride salts [10].  

The modelling procedure utilizes commercially available thermodynamic data to calculate 
thermodynamic phase equilibria as a function of temperature and composition and kinetic data to 
determine the compositional evolution in the alloy. All chemical interactions between alloying 
elements are considered. The recession of the oxide\metal (O\M) interface due to metal 
consumption to oxidation is calculated and the computational mesh is accordingly regenerated, 
thus enabling a more realistic calculation of e.g., Cr depletion profiles. The thermodynamic 
database TTNI8 and kinetic database MOBNI2 were employed in the calculations performed for 
the candidate alloys. A more detailed description of the modeling methodology can be found in 
[51]. In order to facilitate a simplified and rapid computation of Cr-depletion profiles and lifetimes 
for the candidate alloys in the alloy selection tool, reduced order models were implemented. 
Furthermore, all potential users of the tool will not have access to the necessary thermodynamic-
kinetic data required to employ the sophisticated model described earlier. The corrosion-induced 
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Cr depletion will be calculated by numerically solving the following equation for the Cr 
concentration 𝐶𝐶Cr, 

𝜕𝜕𝐶𝐶Cr
𝜕𝜕𝜕𝜕

= 𝐷𝐷Cr
𝜕𝜕2𝐶𝐶Cr
𝜕𝜕𝑥𝑥2

     Eq. 1 

with the boundary conditions for the Cr flux 𝐽𝐽Cr, 
 
     𝐽𝐽Cr = 𝑑𝑑

𝑑𝑑𝜕𝜕
�𝑘𝑘p𝑡𝑡�

𝑛𝑛    at 𝑥𝑥 = 0, 𝑡𝑡 = 𝑡𝑡                     Eq. 2 
𝐽𝐽Cr = 0                at 𝑥𝑥 = 𝐿𝐿, 𝑡𝑡 = 𝑡𝑡       Eq. 3 

 
Where 𝐷𝐷Cr is the interdiffusion coefficient of Cr in the corresponding alloy,  𝑘𝑘p is the temperature 
dependent corrosion rate constant (Figure 4) and n is the exponent. Initial conditions are given 
by the initial chemical compositions of the alloys (Table 1) and average diffusion coefficients for 
Cr in 740H, 282 and 625 were employed. The composition and temperature dependent average 
diffusion coefficients were estimated from available CALPHAD-based kinetic data [52]. The 
reduced order model provided Cr concentration profiles and depths of attack as a function of time 
and temperature. The correlation between  compositional changes and dissolution of 
strengthening phases were estimated with the sophisticated coupled thermodynamic-kinetic 
model. These correlations were developed into simplified functions in the reduced order model. 
These functions also serve as input to the physics-based creep model. 

 
Numerical parameters 
 

The oxidation kinetics derived from the generated database discussed under Task 1 were 
implemented as a boundary condition on the alloy surface to simulate the oxidation-induced Cr 
loss for exposures in sCO2. This is an input property in the model. To account for potential 
spallation of the chromia scales after longer times or due to thermal cycling induced by abrupt 
shut-down procedures, Cr loss can be accordingly increased, thereby providing a parameter to 
the user to evaluate the influence on corrosion-induced lifetime  

For exposures in molten KCl-MgCl2 salts, it is hypothesized, based on the work conducted 
by DeVan [5], that if the dissolution rate of pure Cr in a particular salt is known, then the Cr 
dissolution rate in a multicomponent alloy can be scaled to the ratio of the Cr chemical activity 
since the Cr activity of pure Cr is one. The Cr dissolution rate in 740H, 282 and 625 was estimated 
from previously conducted experiments at ORNL for dissolution of pure Cr in purified KCl-MgCl2. 
Pure Cr specimens were exposed in purified KCl-MgCl2 at 700 °C and 800 °C for up to 5000h 
and the Cr content in the salt was measured with ICP-OES (inductively coupled plasma-optical 
emission spectrometry) post-exposure at pre-defined intervals of 1000, 2500 and 5000h. A 
temperature dependent Cr dissolution rate was derived from the measured Cr content and the Cr 
loss kinetics were fitted to a power time law of the type (kt)n where k is the temperature dependent 
corrosion rate constant and n is the exponent. The temperature and composition dependent 
chemical activity of Cr in 740H, 282 and 625 was calculated from the thermodynamic database 
TCNI8 [53].  An outward Cr flux corresponding to the Cr loss estimated from the Cr dissolution 
rate of pure Cr and the chemical activity of the alloy was employed as a boundary condition at the 
alloy surface to simulate the corrosion process. Such an approach has been successfully 
employed to predict Cr depletion profiles and depths of attack for model and commercial Ni-based 
alloys [54]. The assumption of symmetry at the center of the sample provided the second spatial 
boundary condition of zero flux for all elements on the other side of the domain. The measured 
compositions of the alloy in the as-received state were used as the initial composition at time 
t = 0. The model provides average element concentration profiles and depths of attack as a 
function of time and temperature.  
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Creep modeling 
 

To predict the lifetime based on accumulated creep strains, a microstructure-based state-
variable (or damage-mechanics) approach for improved design, based on a previously proposed 
procedure by Dyson and Mclean [55-57], was adopted to describe the creep behavior of the three 
alloys. The method integrates contribution to creep damage by relevant degradation mechanisms 
(e.g., cavitation/cracking, particle coarsening, phase changes, dislocation accumulation)) allowing 
a material-specific evaluation of creep behavior). This is an advantage to empirical 
representations of creep behavior since an effective extrapolation to longer lives and more 
complex loading conditions requires that the differing mechanisms be integrated in the creep 
equations. Furthermore, this allows integration of corrosion-induced damage, e.g., depletion of 
the strengthening phase which can be critical for thin components. A general description of the 
generic set of creep equations considering the relevant damage mechanism is given in Table 5. 

 
Table 5: Different damage mechanisms and corresponding rate equations  

Equation Damage mechanism 

�̇�𝐻 =
ℎ′

𝜎𝜎
�1 −

𝐻𝐻
𝐻𝐻∗� 𝜀𝜀̇ Strain hardening and recovery 

𝐷𝐷ḋ = 𝐶𝐶4(1 − 𝐷𝐷d
2)𝜀𝜀̇ Dislocation multiplication 

𝐷𝐷ṗ =
𝐾𝐾𝑝𝑝
3

(1 − 𝐷𝐷p)4 Particle coarsening 

𝐷𝐷sṗ =
𝐾𝐾sp

𝑑𝑑2𝐷𝐷sp
 Depletion of strengthening phases 

�̇�𝜎 = 𝜎𝜎𝜀𝜀̇ Stress change during constant load test; necking 

 
The overall creep strain rate �̇�𝜺 at a given stress 𝜎𝜎 is given by, 
 

𝜀𝜀̇ = 𝜀𝜀0̇
1−𝐷𝐷d

𝑠𝑠𝑠𝑠𝑠𝑠ℎ � 𝜎𝜎(1−𝐻𝐻)
𝜎𝜎0(1−𝐷𝐷p)(1−𝐷𝐷sp)

�     Eq. 4 

The dislocation density is expected to increase with continuing accumulation of creep 
damage. Multiplication of these dislocations has been proposed to be a key degradation 
mechanism contributing to tertiary creep in Ni-based superalloys [55, 58]. Particle coarsening is 
a relevant damage mechanism in precipitate strengthened alloys and applies to alloys 740H and 
282, which are γ'-strengthened. Crack propagation due to growth and nucleation of cavities at 
grain boundaries accelerates creep damage and can be a critical damage mechanism in the 
tertiary creep regime. In addition to the typically included damage mechanisms, dissolution of the 
strengthening phase has also been included here to account for the corrosion-induced dissolution 
of strengthening precipitate phases in the alloys chosen here. This might be a critical damage 
mechanism and be life-limiting for thin components (< 0.5 mm), with the depth of precipitate-
denuded zones reaching up to 50% of the foil thickness resulting in significant reduction in creep 
strength. The symbols are defined in Table 6. The volume fraction of the strengthening phase 𝝋𝝋𝜸𝜸′ 
in 740H and 282 determined the parameters for strain hardening/recovery 𝐻𝐻 and the intrinsic 
strain rate 𝜀𝜀0̇. The intrinsic strain rate is described as [58] , 

 

𝜀𝜀0̇ = 𝐶𝐶eps0 ∗ 2�𝜑𝜑𝛾𝛾′ ∗ �1 − 𝜑𝜑𝛾𝛾′� ∗ ��
𝜋𝜋
4
− �𝜑𝜑𝛾𝛾′� ∗ 𝑒𝑒

�−𝑄𝑄𝑅𝑅𝑅𝑅�   Eq. 5 
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Table 6: Definition of symbols given in Table 5 and Eq. 4. 
Symbol Definition 

𝐻𝐻 Level of normalized internal back stress 

𝐷𝐷d Damage parameter for creep damage 
due to dislocation multiplication 

𝐶𝐶 Material constant 

𝐷𝐷p Damage parameter for creep damage due to 
coarsening of strengthening precipitates 

𝐾𝐾𝑝𝑝 Rate constant for particle coarsening 

𝐷𝐷SP Damage parameter for creep damage due to 
dissolution of strengthening phases 

𝐾𝐾SP Rate constant for dissolution of strengthening phases 
ℎ′ Proportionality constant 
𝐻𝐻∗ Maximum possible value of normalized internal back stress 

𝜀𝜀0̇ Function of volume fraction of strengthening precipitates, 
mobile dislocation density, jog density and volume diffusion  

𝜎𝜎0 Microstructural parameter 
 
where 𝑄𝑄 is the activation energy for volume diffusion (typically of the order of 

300 kJ/mol) The temperature dependence of 𝜑𝜑𝛾𝛾′ was derived from the available thermodynamic 
data [53] as follows, 

 
𝜑𝜑𝛾𝛾′ = 𝑎𝑎𝑆𝑆 ∗ 𝑇𝑇3 + 𝑏𝑏𝑆𝑆 ∗ 𝑇𝑇2 + 𝑐𝑐𝑆𝑆 ∗ 𝑇𝑇 + 𝑑𝑑𝑆𝑆   Eq. 6 

 
The parameter 𝐻𝐻∗ is estimated as 2 ∗ 𝜑𝜑𝛾𝛾′/(1 + 𝜑𝜑𝛾𝛾′) while the microstructural parameter 𝜎𝜎0 is 
given as, 

𝜎𝜎0 = 𝐶𝐶1 ∗ �1 − exp ��−𝐶𝐶2
𝑅𝑅𝑇𝑇𝑠𝑠
� �𝑇𝑇𝑠𝑠

𝑇𝑇
− 1���    Eq. 7 

 
with 𝐶𝐶1and 𝐶𝐶2 are material constants and 𝑇𝑇𝑠𝑠 is solvus temperature of in 740H and 282. The 
influence of mobile dislocation density and jog density, defined as 𝐶𝐶eps0 on 𝜀𝜀0̇  was estimated by 
fitting the solution of Eq. 4 to experimental data. The stress and temperature dependence of 𝐶𝐶eps0 
was described based on the formulations proposed by Pillai [59] for carbide strengthened Ni-
based alloys: 

𝐶𝐶eps0 = 𝑒𝑒
�𝑎𝑎+𝑏𝑏∗𝑙𝑙𝑛𝑛� 𝜎𝜎

𝜎𝜎0.2
�+𝑐𝑐∗𝑠𝑠𝑠𝑠𝑛𝑛ℎ�𝜎𝜎𝑅𝑅�+𝑑𝑑∗𝑙𝑙𝑛𝑛�

1
𝑅𝑅�+𝑓𝑓∗�

1
𝑅𝑅��    Eq. 8 

 
To estimate the rate constant for particle coarsening, existing literature data for coarsening 

of γ' in 740H and 282 was employed [60-62]. The temperature dependent rate constant for the 
dissolution of strengthening phases, mainly relevant for 740H and 282, was estimated from the 
data shown in Figure 12. The system of differential equations given by the rate equations in Table 
5 and was solved and the solution was fitted to a subset of the measured creep data for 282 [30] 
and 740H [41, 63] using the global minimization genetic algorithm procedure in MATLAB. About 
40% of the data was used to estimate the model parameters 𝐶𝐶1, 𝐶𝐶2, 𝐶𝐶eps0 and 𝐶𝐶4.. The available 
creep data for 625 was deemed insufficient to reliably estimate the model parameters. The stress 
dependence of the creep rupture data (LMP) for the three alloys was described as, 
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𝑎𝑎𝑟𝑟 + 𝑏𝑏𝑟𝑟 log(𝜎𝜎) + 𝑐𝑐𝑟𝑟 log(𝜎𝜎)2 + 𝑑𝑑𝑟𝑟 log(𝜎𝜎)3    Eq. 9 
 

All material dependent model parameters are saved in text files (accessible on the GITHUB 
platform) and are accordingly read by the creep model during simulations. 

2.1.2.2 Subtask 2.2: Perform test calculations to verify functionality of the model 

The modeling procedure described earlier was employed to perform a few test calculations 
to verify the functionality of the adopted methods. The corrosion induced Cr depletion was 
calculated for two cases: (i) in 625 for exposures in sCO2 and (ii) in 740H for exposures in molten 
KCl-MgCl2 mixture. The creep behavior of 282 was modeled with the continuum damage 
mechanics approach described earlier. 
 
Predicting corrosion induced Cr depletion 
 

Figure 16a compares the measured (EDS) and calculated Cr concentration profile in 625 
after exposure in sCO2 for 10,000h at 750°C. The model predicted an O\M interface Cr 
concentration of 14.6 wt.% while the measured concentration was about 14 wt.%. There is good 
agreement between the measured and calculated Cr concentrations and depth of Cr depletion. 
Figure 16b compares the measured and calculated Cr concentration profiles in 740H after 
exposure in purified molten KCl-MgCl2 for 100h at 700°C. The predicted depth of Cr depletion 
(depth of corrosive attack) agrees well with experimental measurements. 

 

 

(a) 

 

(b) 
Figure 16: (a) Measured (EDS) and calculated Cr concentration profile in 625 after exposure for 10,000h 
(500h cycles) at 750°C in 300 bar sCO2 and (b) in 740H after exposure for 100h at 700°C in purified 
eutectic KCl-MgCl2 mixture. 

 
Predicting creep behavior of 282 and 740H 
 
 As described under Subtask 2.1, solution given by Eq. 1 was fitted to a subset of the 
measured creep data for 740H and 282. About 40% of the data was used to estimate the model 
parameters 𝜀𝜀0̇, 𝜎𝜎0, 𝐶𝐶, ℎ′ and 𝐻𝐻∗. Figure 17a shows the comparison between the measured and 
calculated (fit) creep strains at two different conditions. The CDM model was able to predict the 
creep strains to an acceptable accuracy. Figure 17b shows the predicted strains for two test 
conditions not used in the fitting procedure. Figure 18a and b compare the measured and 
calculated creep strains for 740H for three stresses at 750 °C and 800 °C. Since the time to 2% 
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creep strain is a lifetime criteria (feedback provided by Brayton), the predictions were within 500h 
at all conditions for 740H and 282.  
 

 

(a) 

 

(b) 

 

Figure 17: (a) Measured and fit creep strains (Eq. 1) for 282 and (b) comparison between measured 
and predicted creep strains for 282 (calculated with the parameter set estimated by fitting solution of 
Eq .4 to measure data shown in Figure 17a). 

 

 
(a) 

 
(b) 

Figure 18: Comparison between measured and calculated creep strains of 740H at 750 and 800 °C. 
 

Milestone 1.2.1 Completion of model development to perform computational validation 
 

Models to predict the corrosion induced degradation in sCO2 (Cr-depletion and metal loss) 
and in molten chloride salts (Cr-depletion and depth of attack) that capture the underlying physics 
of the degradation processes were implemented. Although the goals set in the project required a 
relatively simple description of the Larson-Miller parameter to predict the stress-temperature 
dependence of creep rupture, additional work was performed to accommodate the feedback from 
industry. Based on input from Brayton Energy, the time to a designated creep strain of 1-2% is a 
more relevant failure criteria than time to creep rupture. With this in mind, a CDM modeling 
approach was developed to describe the complete creep behavior of the three candidate alloys. 
The model integrated potential creep degradation mechanisms to enable the predictions of time 
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to a designated strain (failure criteria provided by industry). Test calculations were performed with 
both the corrosion and creep models and the modeling results were compared with experimental 
data. The corrosion model was able to predict the experimental observations in terms of Cr-
depletion and depths of attack with a good accuracy (±15% of statistical variations and 
measurement errors). The creep model predicted the time to 2% strain with an acceptable 
accuracy (±500h). 

 
3. Task 3: Computational validation 
3.1 Subtask 3.1: Compare Calculated and Measured Cr Concentration at Oxide-Alloy 

Interface 
 
3.1.1 Corrosion in sCO2 

The Cr concentration at the oxide/alloy interface is required to be above 10 wt% in Ni-
based alloys to ensure formation of a protective chromia scale [13, 45]. This is considered as 
corrosion induced lifetime for exposures in sCO2. Hence, it is essential to predict this value as a 
function of time and temperature.  

 

 
Figure 19: Comparison between measured (EDS) and calculated Cr concentrations at the oxide/alloy 
interface in 740H, 282 and 625 after exposure in sCO2 at different times at 700, 750 and 800 °C. 
Whiskers on measurements represent 1 standard deviation. 

Figure 19 compares the measured (EDS) and calculated Cr concentrations at the 
oxide/alloy interface in 740H, 282 and 625 after exposure in sCO2 at the maximum exposure 
times 700, 750 and 800 °C. Additional calculations are shown in Figure 20 that compare the 
measured (EDS) and calculated Cr concentrations at the oxide/alloy interface in 740H, 282 and 
625 after exposure in sCO2 at different times at 700, 750 and 800 °C. All predicted values are 
within ±10% (1 standard deviation) of typical statistical variation in corrosion tests and EDS 
measurement errors (±0.5 wt%). Since, the 10wt% Cr at the oxide/alloy interface might be a 
conservative lifetime criteria, an additional lifetime criteria of 5wt% Cr (based on existing 
experimental observations) at the Cr2O3/alloy interface was implemented in the model.  
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Figure 20: Comparison between measured (EDS) and calculated Cr concentrations at the oxide/alloy 
interface in 740H, 282 and 625 after exposure in sCO2 at different times at 700, 750 and 800 °C. 
Whiskers on measurements represent 1 standard deviation. 

3.1.2 Corrosion in molten chloride salts 

For the exposures in purified molten salts, there is no protective scale formation. Material 
degradation is driven by selective dissolution of Cr from the three candidate alloys. Hence, the 
depth of Cr-depletion is typically equivalent to the depths of corrosion induced attack in molten 
chloride salts. For exposures in molten salts, this was considered as a lifetime criteria. Figure 21 
shows the measured and calculated depths of attack for various Ni-based commercial alloys after 
exposure in purified KCl-MgCl2 under different test conditions. The model predictions are within 1 
standard deviation (whiskers) of the measurements in most cases. 

 
Figure 21: Comparison between measured (EDS + image analyses) and calculated depths of attack in 
various Ni-based commercial alloys after exposure in purified KCl-MgCl2. 

700 °C
1000h

700 °C
2000h

750 °C
1000h

750 °C
2500h

750 °C
5000h

750 °C
10000h

800 °C
1000h

0

5

10

15

20

25

C
r c

on
ce

nt
ra

tio
n 

at
 C

r 2
O

3/a
llo

y 
in

te
rf

ac
e 

(w
t%

)

282  Measured  Calculated
740H  Measured  Calculated
625   Measured  Calculated

H230
800 °C
100h

740H
700 °C
100h

H230
700 °C
100h

C276
700 °C
1000h

IN600
700 °C
1000h

H230
800 °C

92h

0

5

10

15

20

25

30

35
 Measured
 Calculated

D
ep

th
 o

f a
tt

ac
k 

(µ
m

)



 

29 
 

To elucidate the correlation between LMP and the phase fractions of the strengthening 
phases, the temperature dependence of the phase stabilities in 740H and 282 was calculated 
with the thermodynamic database TCNI8 [53]. The calculated phase fraction of γ', 𝝋𝝋𝜸𝜸′ in 740H 
and 282 are plotted vs the respective LMP in Figure 22a and b respectively.  
 

 
(a) 

 

 
(b) 

Figure 22: Correlation between LMP and vol. fraction of γ' in (a) 282 and (b) 740H. Symbols correspond 
to measured data for LMP and solid line represents calculated LMP with the vol. fraction of γ'. 

  

 
Figure 23: Correlation between LMP and vol. fraction of δ-phase and M6C carbides in 625. Symbols 
correspond to measured data for LMP and solid line represents calculated LMP with the vol. fraction of 
δ-phase and M6C carbides. 

 The influence of stress on the dissolution of γ' is not known (and cannot be derived from 
existing data since this would require extensive microstructural characterization) but there is a 
clear correlation between  𝝋𝝋𝜸𝜸′ and LMP. The solid lines in Figure 22a and b represent the LMP 
values calculated with 𝝋𝝋𝜸𝜸′ with a function of the form a + b ∙ log(𝜑𝜑𝛾𝛾′) + c ∙ log(𝜑𝜑𝛾𝛾′)2+ d ∙ log(𝜑𝜑𝛾𝛾′)3+ 
e ∙ log(𝜑𝜑𝛾𝛾′)4, whereby the parameters a-e were estimated by fitting to measured data. Although 
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additional mechanisms (discussed under Creep modeling) most likely contribute to the overall 
creep behavior, the demonstrated relation between 𝝋𝝋𝜸𝜸′ and LMP suggests that the depletion of 
𝝋𝝋𝜸𝜸′ is a key degradation creep mechanism in 740H and 282. 

In the case of the solid solution strengthened alloy 625, the creep degradation 
mechanisms have not been unambiguously identified in the literature. The presence of additional 
intermetallic precipitates such as δ-Ni3Nb phase and (Mo,Si)-rich M6C-type carbides might 
additionally be contributing to the creep strength of 625 [64]. The temperature dependence of 
sum of phase fractions of δ-Ni3Nb phase and M6C carbides 𝝋𝝋δ+M6C was calculated with the 
thermodynamic database TCNI8 [53]. As in the case of 740H and 282, a correlation between 
𝝋𝝋δ+M6C and LMP is evident in Figure 23. 

 

 
(a) 

 
(b) 

Figure 24: Comparison between measured (symbols) and calculated (lines) times to (a) 1% and (b) 2% creep 
strains for 740H. 

 

 
(a) 

 
(b) 

Figure 25: Comparison between measured (symbols) and calculated (lines) times to (a) 1% and (b) 2% creep 
strains for 282. 

In addition to identifying the correlation between LMP and the fraction of strengthening 
precipitate phases, the times to 1 and 2% creep strains t2% (failure criteria) were also calculated 
with the CDM model described earlier. Figure 24a and b compare the measured and calculated 
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times to 1 and 2% creep strain for 740H respectively. A similar comparison is given for 282 in 
Figure 25. Given the limited data and microstructural information, the CDM model was able to 
predict t2% with an accuracy of ±500h.  

 
4. Task 4: Generate screening protocol for currently immature materials 

The goal of this task was to review existing literature data for SiC to identify differences in 
failure mechanisms between SiC and Fe\Ni-base alloys. The quality and variability of the existing 
data were evaluated. The gaps in experimental data were identified and other considerations will 
be evaluated for integration into the model. Recommendations were made for future development 
of the tool to include SiC.  

4.1.1 Subtask 4.1: Review existing literature data for one chosen sample material 

4.1.1.1 Corrosion in sCO2 

There is limited data on corrosion behavior of SiC in sCO2 [65-70]. Sridharan et al. [68] 
reported minimal mass gain after an initial mass loss for SiC after exposure for 1000h in research 
grade sCO2 at 750°C. The authors attributed the initial mass loss to the removal of C from SiC in 
the early stages of exposure which was partially supported by the observation of pits within the 
SiC matrix. After the initial mass loss, formation of silicon oxide was observed on the surface and 
within SiC. Walker et al. [69] exposed Hexoloy SiC in CO2 at 900 °C for up to 2000h and reported 
similar results as Sridharan et al. [68] with initial mass loss up to 1000h and then slight mass gains 
thereafter. The measured mass changes for SiC exposed at 900 °C were minimal compared to 
the Ni-base alloys 230, 282 and 740H exposed at 900 °C in CO2 suggesting good compatibility 
of SiC in high temperature CO2 environments. Pint et al. [71] tested CVD SiC in 200 bar CO2 at 
650, 700 and 750 °C for 500h. Negligible mass change was observed at all three temperatures 
compared to Fe- and Ni-based alloys. Bremen et al. [72] investigated the corrosion behavior of 
pyrolytically deposited β-SiC in various CO-CO2 mixtures (5-70 vol% CO2) between 1000 and 
1400 °C. An external SiO2 layer was observed in all cases. The oxidation rate was governed by 
the inward transport of O in SiC. Existing results in the literature suggest good compatibility of SiC 
in CO2. 

4.1.1.2 Corrosion in molten halide salts 

There is even less data for corrosion behavior of SiC in molten chloride salts. All available 
data in molten chloride and fluoride salts have been summarized here. Nagaoka et al. [73] studied 
the corrosion of SiC in molten KCl-NaCl SiC sintered with B and C were immersed in as-received 
KCl-NaCl in lidded alumina crucibles at 700 and 800 °C up to 400h. The authors did not report 
mass change data or perform cross-section analyses to report depths of attack. SiO2 was 
observed as a corrosion product on the specimen surfaces and was accompanied by significant 
roughening of the surface.  

Espinoza-Perez et al. [74] evaluated the influence of microstructure of monolithic SiC on 
corrosion rates in molten FLiNaK salt at 900 °C for 250h. Assuming linear corrosion rates, the 
authors concluded that the corrosion rate increased with the density of high angle grain 
boundaries (HAGB) suggesting that these boundaries were most susceptible to corrosion. In 
contrast, the corrosion rates decreased with increasing density of low angle grain boundaries 
(LAGB). However, it must be mentioned that the FLiNaK salt wasn’t purified and the influence of 
impurities on the corrosion rates was not examined. 
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Walker et al. [67] exposed SiC in a binary KCl-MgCl2 (62.5-37.5 wt.%) mixture for up to 
503h at 750°C. A large variability in mass change data was observed for the SiC specimens and 
no particular reason was provided by the authors. A comparison with H230 was provided for a 
single specimen after exposure for 108h and a significantly lower mass loss was observed for SiC 
(~0.03 mg cm-2) than for H230 (~2.75 mg cm-2). 

Gu et al. [75] reported that SiC corroded in molten FLiNaK salt at 800 °C via the dissolution 
of Si in the salt resulting in the formation of a carbon-rich surface. The decreasing corrosion rate 
of SiC with increasing exposure time was attributed to the potentially protective C-rich layer on 
the surface. 

4.1.2 Subtask 4.2: Identify key degradation mechanisms of chosen material 

With the limited data on the corrosion behavior of SiC in sCO2 and molten halide salts, it 
is difficult to conclusively identify corrosion induced degradation of SiC in these media at 
temperatures of interest (600-800 °C). With the data available for corrosion of SiC in CO2 (mainly 
at temperatures > 1200 °C) [76], SiC is expected to oxidize according to the following reaction in 
CO2: 

SiC + 3CO2 (g) = SiO2 + 4CO (g) 
 
Opila and Nguyen [76] have shown that the oxidation rates of SiC in high purity CO2 are 

about 2-3 orders of magnitude lower than in O2 or H2O at 1200 °C. The results reported by 
Sridharan et al. [68], Walker et al. [69] and Pint et al. [71] provide additional evidence that SiC 
shows very low mass changes during exposures in sCO2 and CO2 respectively. It must be 
however mentioned that except for the results presented by Sridharan et al. [68] and Pint et al. 
[71], none of the testing performed by other authors was under high pressure. There is a 
significant lack of data in this regard.  

Although existing literature suggests the better corrosion resistance of SiC in molten halide 
salts, there are other factors to consider. Studies have shown that intentionally added impurities 
(such as Ni, Cr ions, etc.) to molten FLiNaK salt, led to a higher mass loss and increased corrosion 
for SiC [77, 78]. Yang et al. reported the possibility of Ni reacting with Si in the salt to form NiSi 
and Ni31Si12 on the surface of Hastelloy N alloy that can drive the dissolution of Si from SiC into 
salt and alloy. Corrosion products such as CrF2 can further drive corrosion by forming Cr-rich 
carbides on the SiC surface and consequently dissolving Si from SiC into the salt. The effect of 
SiC microstructure on the corrosion and susceptibility to form localized attack are additional 
factors to consider [79]. 

No definite conclusions can be drawn on the long-term impact of selective dissolution of 
Si in the molten halide salts, as reported by Gu et al. [75]. Currently there are no long-term data 
available in the literature. However, it can be hypothesized that the protective nature of the C-rich 
layer [75] is compromised by the presence of metallic elements with high affinity for C (e.g., Cr, 
Ti, Nb, W). This might dissolve the C-rich layer by forming carbides and reinitiate the dissolution 
of Si. 

4.1.2.1 Degradation of mechanical properties 

Monolithic SiC typically shows brittle fracture and hence SiC/SiC composites are 
considered better candidates as structural materials for high temperature applications [70]. In the 
view of fracture mechanics of composites, the fiber–matrix interface is the most important factor 
that determines the structural stability of a composite. Intensive efforts have been devoted to 
study the influences of interface on mechanical properties of SiC–SiC composites [80-83]. A 
monolithic ceramic test specimen under a tensile load will fail when a sufficiently large flaw 
initiates a crack that unstably propagates through the gage section. Unlike monolithic ceramics, 
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however, damage and failure in continuous fiber CMCs do not result from the propagation of a 
single crack. Instead, small cracks initiate throughout the matrix because shear at the fiber-matrix 
interface facilitates the transmission of applied load to the fibers. In the vicinity of a matrix crack, 
load is shed from the matrix to the fiber. Each crack grows until the matrix is saturated and no 
more matrix cracks develop. Because cracks flood the matrix prior to failure, a CMC can exhibit 
nominal strains that are orders of magnitude larger than its monolithic counterpart and, like a 
metal, it can exhibit non-linear deformation and non-catastrophic failure [84].  

The high toughness and non-linear deformation of continuous fiber CMCs result from a 
weakly bonded fiber-matrix interface. The fiber coating in the SiC/SiC system has a lower elastic 
modulus and lower tensile strength than both the fiber and matrix. This produces a weak fiber-
matrix interface that encourages cracks to propagate around fibers rather than through them, a 
phenomenon called crack deflection. Crack deflection allows fibers in the wake of a crack to 
remain intact and exert fiber bridging tractions that prevent the crack from growing unstably. 
Above and below the fracture plane, portions of the fiber-matrix interface debond; the length over 
which the interface debonds is known as the debond length. As a fiber is stretched, portions along 
the debond length slide against the matrix, dissipating energy as a result of frictional shear.  

Thus far two mechanisms of crack resistance have been discussed – crack deflection and 
frictional sliding. The toughness of CMCs is attributed to these mechanisms, as well as 
widespread cracking. This is best illustrated using the example of a unidirectional laminate loaded 
in tension with fibers oriented in the loading direction. As load is applied, the composite first 
deforms elastically, with deformation becoming non-linear at or after matrix crack initiation. 
Periodically spaced matrix cracks accumulate throughout the gage length of the laminate 
(generally oriented normal to the loading direction) up to a point of saturation, which is 
characterized by uniformly spaced matrix cracks. Fibers eventually fracture with continued 
loading; the distance between the fiber fracture location and the nearest crack plane is called the 
pullout length. Frictional sliding along this length dissipates energy, allowing for failure. Based on 
the literature findings, it is clear that the structural damage mechanisms in SiC and SiC/SiC 
composites are not completely similar to Ni-based alloys and the key differences are: 

 
1. Brittle failure 
2. Dependence of failure on the fiber-matrix interface  
3. Lack of strengthening phases in SiC 

 
However, creep in SiC and SiC/SiC composites is governed by dislocation climb [85] and 

can be described accordingly if relevant experimental creep data is available. 
 

4.1.3 Subtask 4.3: Obtain information on required model parameters to describe 
degradation and predict lifetime of chosen material 

4.1.3.1 Oxidation lifetime in sCO2 

The oxidation of SiC can be modeled based on prior works [86-88]. The simultaneous 
oxidation of Si and evaporation of SiO (at low partial pressures of oxygen) and SiO2 (at high 
temperatures) need to be considered to accurately model the oxidation induced degradation of 
SiC. The influence of moisture on the enhanced oxygen permeation and on the reactive 
evaporation of scale in the form of Si(OH)4 can be ignored for exposures in sCO2. In flowing 
gases, the effect of external fluid velocity on the inward gas-phase diffusion between the ambient 
and scale surface of O2 and outward diffusion of SiO2, and SiO can be included [89] but these 
rates are significantly low at temperatures of interest (700-800 °C). Gas-phase multicomponent 
diffusivities within the boundary layer can be modeled based on work by Parthasarathy et al. [90].  
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The following steps are adopted to model the oxidation of SiC and the consequent 
recession of the SiC surface. A description of all the variables and their sources are provided in 
Table 7.The partial pressure of oxygen at the gas/scale interface is calculated as, 

 
𝑷𝑷𝑶𝑶𝟐𝟐
𝒔𝒔 =

𝑫𝑫O2𝒍𝒍scale𝑷𝑷O2
a

𝑫𝑫O2𝒍𝒍scale+𝜹𝜹bl𝑹𝑹𝑹𝑹𝜶𝜶O2-scale
    Eq. 10 

 
The boundary layer thickness is 𝛿𝛿bl calculated as, 

𝛿𝛿bl = 1.5 � 𝜂𝜂
𝜌𝜌𝐷𝐷O2

�
−1/3

�𝜌𝜌𝜌𝜌𝜌𝜌
𝜂𝜂
�
−1/2

     Eq. 11 

 
Oxidation-induced recession of the SiC surface is then calculated as 

 
d𝑋𝑋𝑆𝑆𝑆𝑆𝑆𝑆

d𝜕𝜕
= 2

3
VSiC𝛼𝛼O2-scale

𝑃𝑃𝑂𝑂2
𝑠𝑠

𝑙𝑙scale
    Eq. 12 

 

4.1.3.2 Corrosion lifetime in molten chloride salts 

As discussed under Subtask 4.1, the lack of data for corrosion of SiC in molten chloride 
salts is a barrier in development of mechanistic models to describe the underlying corrosion 
processes. A detailed understanding of the interaction between SiC and molten chloride salts is 
essential to be able to quantify the extent of corrosion induced degradation. Furthermore, the 
composite nature of the material suggests a much stronger dependence of corrosion behavior on 
the microstructure, as shown by Espinoza-Perez et al. [67]. Typically, analogous to the dissolution 
of Cr from Ni-based alloys, the dissolution of Si in the molten halide salts will most likely govern 
the corrosion kinetics. 

 
Table 7: Description of the parameters for the model to predict oxidation lifetime of SiC 

Symbol Units Description Sources 
𝑃𝑃𝑂𝑂2
𝑠𝑠  Pa partial pressure of oxygen at the gas/scale interface Calculated 

𝑃𝑃O2
a  Pa Ambient partial pressure of oxygen Input 

𝐷𝐷O2 m2/s Diffusivity of O in the boundary layer [91] 
𝑙𝑙scale m Thickness of oxide scale Calculated 
𝛿𝛿bl m Thickness of boundary layer Calculated 

𝛼𝛼O2-scale 
mol/m-
s-Pa Permeability coefficient of O in SiO2 [91] 

𝜂𝜂 Pa-s viscosity of O in boundary layer [92] 
𝜌𝜌 kg/m3 Density of O in the boundary layer [92] 
𝑉𝑉 m/s Velocity of ambient fluid Input 
L m Length of component  Input 

VSiC m3/mol Molar volume of SiC Input 
 
This can result in compositional changes near the alloy surface, e.g., enrichment of C on 

the alloy surface, as demonstrated by Gu et al. [75] for SiC exposures in molten FLiNaK at 800 
°C. Under these conditions, the corrosion rate will be governed by the transport of Si in SiC. If the 
diffusion coefficients of Si and C in SiC are available at the temperatures of interest, the depletion 
of Si and depth of attack can be calculated, as has been implemented in the tool developed here 
to simulate the depletion of Cr from alloys 740H, 282 and 625 during high temperature exposures 
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in molten KCl-MgCl2. It must be mentioned here that the data for diffusion coefficients in the 
literature demonstrate considerable scatter mainly due to the strong structure dependence of 
transport mechanisms [93]. With reliable experimental data for SiC in the desired halide salt, the 
diffusion coefficients can be estimated by fitting to the measured compositional profiles for Si and 
C. Corrosion lifetimes can be predicted with this information and solution of diffusion equations. 

4.1.3.3 Mechanical lifetime 

Various modeling approaches have been proposed in the literature to predict the time 
dependent structural failure of SiC/SiC composites [94, 95]. One of these methods presented by 
Lara-Curzio [96] relevant for the operating temperatures of interest here will be elucidated. Creep 
can be ignored since SiC is expected to behave elastically at temperatures between 700-800 °C 
[85]. The model also accounts for the oxidation induced degradation of the fibers in the composite 
material. A description of all the variables and their sources are provided in Table 8. 

 
Table 8: Description of the parameters for the model to predict mechanical lifetime of SiC 

Symbol Units Description Source 
Φ - Failure probability of the composite material Calculated 
𝑙𝑙 m Fiber gauge length Input 
𝑙𝑙0 m Reference gauge length Material property 
𝑁𝑁0 - Total number of fibers Input 
𝑁𝑁 m Number of undamaged fibers Calculated 
𝐸𝐸 GPa Elastic modulus of the fiber Material property 
𝐾𝐾IC MPa m0.5 Fracture toughness Material property 
𝑌𝑌 - Geometric parameter Material property 
L m Length of component  Input 

VSiC m3/mol Molar volume of SiC Input 
 
The model assumes that the structural property of a single fiber can be employed to 

describe the mechanical behavior (e.g., same linear stress-train behavior) of the composite 
material. It is further assumed that the strength controlling flaws are restricted to the surface of 
the fibers. Typically, the strength of the fibers is described by a two-parameter Weibull distribution 
and the probability of failure of the fibers Φ when subjected to a uniform tensile stress 𝜎𝜎, is given 
by 

 
Φ = 1 − 𝑒𝑒𝑥𝑥𝑒𝑒 �− 𝑙𝑙

𝑙𝑙0
� 𝜎𝜎
𝜎𝜎0
�
𝑚𝑚
� = 1 − 𝑁𝑁

𝑁𝑁0
     Eq. 13 

The stress 𝜎𝜎 on each fiber under an applied load F is then given by, 
 

𝜎𝜎 = 𝐹𝐹
𝐴𝐴𝑁𝑁

        Eq. 14 
while the strain on each fiber 𝜀𝜀 can be calculated as, 
 

𝜀𝜀 = 𝜎𝜎
𝐸𝐸
        Eq. 15 

 
The time dependent fiber characteristics strength beyond the time when the thickness of 

the oxide layer growing on the fiber 𝑋𝑋SiO2 (estimated from the oxidation model described above) 
is greater than a critical flaw size can then be calculated as, 

 
𝜎𝜎0(𝑡𝑡) = 𝐾𝐾IC

𝑌𝑌�𝑋𝑋SiO2
       Eq. 16 
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The stress-strain response of the material can be calculated with Eqs. 14 and 15 and the 

failure with Eq. 16. The time dependent failure probability for the composite material can be 
calculated by combining Eqs. 13 and 16. 
 
M (T-1.4.1) Document reporting the pathway for screening future materials 
 

The pathway for screening SiC has been reported under Task 4 and serves as the 
requested document. 

 
 

5. Task 5: Provide accessibility to modeling tool Subtask 5.1 Provide developed tool for 
testing to user (ORNL) 

The corrosion and creep models were implemented in a Python environment that will allow 
an open-source access to the scientific community and industry. As described earlier, the tool 
provides the corrosion and creep lifetime of the chosen materials with the user providing input 
conditions of stress, temperature, corrosive media (sCO2 or purified molten chloride salts). To 
test the functionality of the tool, it was provided to a domain expert at ORNL. Feedback was 
provided with respect to bugs, ease of operation and additional improvements.  

5.1.2 Subtask 5.2 Upload developed tool to GITHUB 

The developed tool was uploaded to a public GitHub platform with all source files and 
required input data.  

 
M (T-1.5.1) Providing access to the alloy selection and evaluation tool 
 

The lifetime assessment tool has been uploaded to GITHUB and access to the tool can 
be obtained by sending an email to pillairr@ornl.gov.  
 
Impact1:  

The modeling tool being developed in the current project will provide thermal industry 
experts with a design tool for material selection and assessment. An ongoing project with Brayton 
Energy with the goal of characterizing and modeling elevated temperature creep and fatigue 
behavior for thin sheet and foil forms of γ’ alloys 740H and HR282 in wrought and as-processed 
for folded and brazed constructions will significantly benefit from the modeling approach 
incorporating all relevant physics in the being developed in the current project. The tool is currently 
being tested for this purpose by Brayton Energy. 

 
Path forward 
 

The modeling tool developed in the current project provides lifetime assessment of three 
candidate materials 740H, 282 and 625 for sCO2/molten salts heat exchanger. The tool 
incorporated physics-based models that accounted for all relevant underlying degradation 
mechanisms (creep and corrosion). Reduced-order models enabled rapid simulations of realistic 
component lifetimes (~100kh) while still retaining the fidelity of the complex models. 

The tool lays the foundation for continuous development to include additional candidate 
materials, account for additional damage mechanisms (e.g., fatigue) and further applications of 

 
1 See EERE 355 FARC Section IA5 

mailto:pillairr@ornl.gov
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interest. The methodology adopted in the current project has demonstrated the type of 
experimental data and approach essential to continue the development. However, the limited 
resources bound to a 1-year project did not allow a thorough examination of the degradation 
processes to verify the model assumptions. Furthermore, any gaps in experimental data could 
not be complemented with additional experiments. The literature review for SiC clearly identified 
the gaps in experimental data for currently immature materials and the challenges in developing 
design protocols to enable application of these materials for CSP systems. 

The procedure demonstrated in the current project can be employed to develop a 
universal design framework for CSP systems that will include a wider range of applications (and 
operating conditions) and corresponding materials. The framework will allow integration of various 
modeling procedures to address all relevant degradation mechanisms based on the chosen 
application. However, this must be supported by a supporting task for experimental evaluation 
and microstructural characterization to complement existing data and provide validation for model 
predictions. This effort can involve multiple national labs and synergistically combine the available 
expertise across various domains. An example for such a project can be the integration of the 
computational approach developed at ANL to design solar receivers and the tool developed in 
the current project. An extended effort (3 years) with involvement of industry partners can be 
extremely valuable in establishing the universal design framework. 
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